The effect of uniform distribution of fine cementite on resistance of ultra-high strength steels to hydrogen embrittlement was studied. The materials used were directly-quenched and tempered 1 000-1 300 MPa class low carbon steel plates for welded structures with lath martensite structure. Cementite morphology was different at different heating rates to tempering temperatures. Finer cementite was distributed in rapidly-heated steels (20°C/s) than in slowly-heated steels (0.3°C/s). The rapidly-heated steels showed higher resistance to hydrogen embrittlement than the slowly-heated steels for a slow strain rate test (SSRT), whereas they showed almost the same resistance to hydrogen embrittlement for a constant load test (CLT). The specimens fractured in a plastic region for the SSRT, on the other hand, the CLT was conducted in an elastic region. The difference in hydrogen embrittlement resistance between plastic and elastic loading methods was concluded to result from a change in the hydrogen trap state at cementite in association with plasticity. Hydrogen is more strongly trapped at and/or around the strained interfaces between the matrix and cementite after plastic deformation. A close observation of fracture surfaces, hydrogen thermal desorption analysis and hydrogen microprint technique revealed that the high resistance of the rapidly-heated and tempered steels to hydrogen embrittlement for the SSRT is due to a shift of the fracture mode from quasicleavage fracture to ductile fracture. This shift was caused by the suppression of the quasi-cleavage fracture due to less hydrogen at lath boundaries accompanied by the uniform distribution of fine cementite.
Introduction
There has recently been a great demand for ultra-strengthening of low carbon steel plates for welded structural use such as construction equipment or industrial machinery due to their increasing dimensions. On the other hand, toughness and hydrogen embrittlement resistance of steels generally deteriorate with an increase in strength. In particular, improvement in resistance to hydrogen embrittlement is indispensable for the practical use of ultra-high strength steels with tensile strength exceeding 1 200 MPa. 1) Cementite is one of the most common precipitates in steel. However, the effect of cementite on hydrogen embrittlement has not been fully understood.
There have been many studies to improve resistance of medium or high carbon steels to hydrogen embrittlement: application of modified ausforming, 2) utilization of effective hydrogen trapping carbides such as VC, 3) microstructure control such as cold-drawing of pearlite, 4) etc. However, few studies 5) have reported on the improvement in resistance to hydrogen embrittlement of low carbon steels for welded structures even though their tensile strength exceeds 1 200 MPa nowadays. 5, 6) In the present study, the effects of uniform distribution of fine cementite on toughness and hydrogen embrittlement resistance were studied using directly-quenched and tempered 1 000-1 300 MPa class low carbon steel plates for welded structures with full lath martensite structure. Cementite was refined by a combination of modified ausforming and rapid heating to the tempering temperature.
Experimental Procedure

Materials, Microstructural Characterization and
Mechanical Tests Low carbon ultra-high strength steel plates for welded structures were used in the present study. Table 1 shows the Table 1 . Chemical compositions of studied steels (mass%). chemical compositions of the steels. After austenitized at 1 150 (Steel-A) or 1 100°C (Steel-B) for 3.6 ks, slabs were rolled in the recrystallization region or in both the recrystallization and non-recrystallization regions to plates with a thickness of 12, 25 (Steel-A) or 25 mm (Steel-B). The rolling reduction ratio in the non-recrystallization region was 60%. The steel plates were subsequently direct-quenched from austenite to below 250°C with a water spray to obtain full lath martensite structure. These quenched steel plates were heated at a rate of 0.3 or 20°C/s to various tempering temperatures between 450 and 650°C. The holding time at the tempering temperatures was 600 and 10 s for the heating rate of 0.3 and 20°C/s, respectively, and the steel plates were cooled to room temperature at a rate of 0.5°C/s. A high-frequency induction heating apparatus was used for the tempering treatment.
The microstructure observations were performed in the RD-ND plane at a quarter part of thickness by optical microscopy, electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) using a carbon extraction replica method. The principal axes of the plate in this study are defined as follows: the axis that is parallel and transverse to the rolling direction is defined as RD and TD, respectively and the axis that is normal to RD and TD is defined as ND.
Tensile test and Charpy impact test were also conducted for Steel-A (12 mm t ) and Steel-B (25 mm t ). Flat full thickness tensile test specimens machined from Steel-A and round tensile test specimens machined from a quarter part of thickness of Steel-B were used for the tensile test. The tensile test specimens were machined transverse to the rolling direction of the steel plates.
Standard V-notch specimens machined from a middle part of thickness of Steel-A and from a quarter part of thickness of Steel-B were used for the Charpy impact test. The Charpy impact test specimens were machined parallel to the rolling direction of the steel plates.
Hydrogen Embrittlement Tests
The steels were subjected to two kinds of tests to see the effect of loading methods on hydrogen embrittlement: a slow strain rate test (SSRT) 7, 8) and a constant load test (CLT). 3, 9) Dimensions of the specimens are illustrated in Fig. 1 .
Unnotched round bar specimens with a parallel part of 6.0 mm in diameter and 28.0 mm in length were prepared for the SSRT. For the CLT, circumferentially notched round bar specimens with a notch root radius of 0.1 mm and a stress concentration factor of 4.8 10) were prepared. Both kinds of the specimens were machined from a quarter part of thickness of the 25 mm t steel plates and the longitudinal direction of the specimens was coincident with the rolling direction of the steel plates. It should be noted that two kinds of fillet radii were used for the unnotched round bar specimens: 6.1 mm for Steel-A and 10.0 mm for Steel-B, since Steel-B fractured at the fillet in some cases when the fillet radii was 6.1 mm, particularly at a high tensile strength level.
These specimens were cathodically charged with hydrogen in an aqueous 3% NaCl + 0.3 g/L NH4SCN solution at various current densities for various times at 25°C. For the SSRT, the current density was 0.04 to 0.50 mA/cm 2 and the charging time was constant of 24 h to charge almost the same content of hydrogen in a specimen. For the CLT, the current density was 0.04 to 0.12 mA/cm 2 and the charging time was 2 to 24 h to change hydrogen content in a specimen. Immediately after the hydrogen charging, the specimens were electroplated with 18 μ m-thick zinc to avoid hydrogen egress during the test. The details of the zinc electroplating method will be described in Section 3.2.1.
After the zinc plating, the specimens were kept at room temperature for 24 h to obtain a uniform hydrogen distribution in specimens and subjected to the SSRT or CLT. The SSRT specimens were loaded with a constant crosshead speed of 0.00168 mm/min (an initial strain rate of 1 × 10 -6 (1/s)) to fracture and the reduction in area was measured. To the CLT, a constant load of 90% of its tensile strength of unnotched specimens was applied for up to 140 h and the time to fracture was recorded. The constant load was in an elastic region. Fracture surfaces were observed with a scanning electron microscope (SEM).
At least two unnotched round bar specimens or circumferentially notched round bar specimens were prepared for each experimental condition and the hydrogen in the specimens at the start time of the SSRT or the CLT was quantitatively evaluated by gas chromatograph hydrogen thermal desorption analysis (GC-TDA) at a ramp rate of 200°C/h.
Hydrogen Microprint Technique
Hydrogen microprint technique (HMT) 11, 12) was applied to visualize where the hydrogen was locally distributed in each microstructure. HMT is a method to replace hydrogen with silver so that hydrogen location can be visualized with a redox reaction between hydrogen and silver bromide: Plate-shaped specimens of 2.0 × 15 × 20 mm 3 were machined from Steel-B. One 15 × 20 mm 2 side of the specimens was mechanically polished, etched with 3% nital and covered with a rubber film to protect it from any surface damage during the hydrogen charging. They were then cathodically charged with hydrogen in the same solution described above at a current density of 0.04 mA/cm 2 for 2 h at 25°C. After the hydrogen charging, the protective film was removed and the side was coated with a liquid nuclear emulsion, Ilford L-4 using a wire-loop method. 13) Ilford L- 4 contains AgBr crystals in gelatin and it was diluted into the same volume of distilled water. The specimens were coated with the emulsion 10 min after the hydrogen charging. The coated specimens were then kept in a dark room for 168 h to avoid a possible reaction between silver bromide and light, then dipped into formalin (aqueous 36 mass% HCHO solution) for 3 s to harden gelatin 12) and immersed into a fixing solution (aqueous 15 mass% Na2S2O3 solution) for 10 min to eliminate any remaining AgBr crystals that had not reacted with hydrogen. All the tests were performed at room temperature and an aqueous solution of 10% NaNO2 was used to dilute the emulsion and to make the fixing solution in order to avoid a corrosion reaction of the steels with the aqueous solutions. 11, 12) Specimens were observed with SEM.
Results
Microstructures and Mechanical Properties
Ausforming 14, 15) is a thermo-mechanical treatment to quench work-hardened austenite. Cellular dislocation is introduced by plastic deformation of austenite and the inheritance of the cellular dislocation to martensite strengthens ausformed steels. Toughness and elongation normally decrease with an increase in strength, while these properties little decrease in the ausformed steels due to the refinement of effective grain size. Figure 2 shows optical micrographs of the microstructure etched with picric acid and the results of orientation measurement by EBSD on Steel-A. The rolling was finished at 924 or 782°C to investigate the effect of modified ausforming 15) on microstructure. The upper limit temperature of the non-recrystallization region of Steel-A is between 920 and 940°C. Therefore, the steel was mainly rolled in the recrystallization region of austenite when the finishing rolling temperature was 924°C. On the other hand, when the rolling was finished at 782°C, the steel was rolled in both the recrystallization and non-recrystallization regions, which was subjected to modified ausforming. The ausformed steel (Figs. 2(b), 2(d)) shows greatly expanded prior austenite grain and the microstructure is clearly refined compared to those of the non-ausformed steel (Figs. 2(a), 2(c)). Figure 3 shows the relationship between mechanical properties and the finishing rolling temperature of Steel-A. Steel plates were rapidly heated at a rate of 20°C/s to the tempering temperature of 640°C. The strength is enhanced and the low temperature toughness is improved as the finishing temperature is lowered. These improvements in strength and toughness are presumably due to the increase in dislocation density and the refinement of effective grain size through the ausforming effect.
Cementite acts as a brittle fracture origin 16) and a hydrogen trap site [17] [18] [19] [20] and would accordingly affect toughness and hydrogen embrittlement resistance. Accordingly, the cementite morphology and distribution were observed with TEM. Figure 4 shows TEM micrographs of carbon extraction replicas of Steel-B. Relatively large needle-shaped cementite is distributed mostly at the lath boundaries (shown with →) in Figs. 4(a), 4(b). The steel shown in Fig. 4(a) was rolled in the recrystallization region, direct-quenched and slowly heated at a rate of 0.3°C/s to 450°C. The steel of Fig.  4 (b) was treated with ausforming and slowly heated at a rate of 0.3°C/s to 450°C. Spherical and fine cementite, meanwhile, is uniformly distributed within the laths (indicated with ⇒) as well as at the lath boundaries in Fig. 4(c) . The steel shown in Fig. 4(c) was rapidly heated at a rate of 20°C/s to 490°C following the ausforming treatment.
A. Nagao et al. 21) reported that the main nucleation site of cementite shifts from lath boundary to within lath during the heating process of tempering. The dislocation density is greatly increased after quenching, especially in the steels subjected to ausforming. 14) In addition, it is reasonably presumed that the dislocation recovery of the rapidly-heated steel is delayed compared to that of the slowly-heated steel at the same temperature during the heating process of tempering due to the shorter heating time. Thus, the dislocation density of Fig. 4(c) is the highest among Figs. 4(a), 4(b), 4(c) when it reaches a temperature range at which the nucleation site of cementite shifts from lath boundary to within lath, resulting in cementite nucleation at dislocations within lath. The most uniform distribution of the finest cementite of Fig. 4(c) should be due to this increase in the density of nucleation sites of cementite. Figure 5 shows the effect of the refinement of effective grain size and the refined cementite on the mechanical properties of Steel-B. Larson-Miller or Hollomon-Jaffe tempering parameter (T.P.) 22) was calculated to include both the heating and cooling processes in addition to the holding process.
21) The parameter T.P. is given as follows:
T where T, t and C represent temperature (K), time (h) during the tempering process and a constant (= 21.3 -5.8 × (mass% carbon)), 22) respectively.
Figure 5(a) shows that yield strength and tensile strength have a good correlation with T.P. irrespective of the ausforming and the heating rate, whereas Fig. 5(b) shows that toughness does not have a correlation with only the T.P., but is dependent on the microstructure as well. The low temperature toughness of the ausformed steels is superior to that of the non-ausformed steels and the toughness of the rapidly-heated steels is superior to that of the slowly-heated steels. Thus, the ausformed and rapidly-heated steels with refined grain size and fine cementite show the most excellent toughness. Figure 6 shows the effect of the zinc plating on the suppression of hydrogen egress from steel. Unnotched round bar specimens were prepared from Steel-B as described above. The specimens were cathodically charged with hydrogen in the same solution described above at a current density of 1.00 mA/cm 2 for 24 h at 25°C. They were subsequently electroplated with approximately 18 μ m-thick zinc at a current density of 28.00 mA/cm 2 for 28 min at 25°C in an aqueous solution containing ammonium chloride and zinc chloride. The zinc electroplating was started 30 min after the end of the hydrogen charging. The zinc plating was electrically debonded 30 min before the start of gas chromatograph hydrogen thermal desorption analysis (GC-TDA). A constant load of 90% of its tensile strength was applied to some of the zinc plated specimens to evaluate the effect of loading on the suppression of hydrogen egress. The time between the end of the hydrogen charging and the start of TDA is referred to as atmospheric exposure time. In the present study, the hydrogen which was desorbed up to 309°C during the TDA at a ramp rate of 200°C/h is defined as 'peak 1 hydrogen.' Most of the peak 1 hydrogen egresses within 48 h and none of the peak 1 hydrogen remains after 96 h when there is no plating on a specimen. On the other hand, the peak 1 hydrogen content remains almost the same for at least 216 h when a specimen is plated with zinc even if it is loaded. This suppression of hydrogen loss should be due to the small hydrogen diffusivity in zinc (~10 -15 m 2 /s).
Hydrogen Embrittlement Properties
3.2.1. Zinc Electroplating Method to Suppress Hydrogen Egress
23)
Slow Strain Rate Test
The effect of cementite on hydrogen embrittlement properties was studied using the ausformed Steels-A and B. Figure 7 shows optical micrographs of the microstructures of Steels-A and B etched with nital. Both of the steels show lath martensite structure with elongated prior austenite grain. The cementite morphology and distribution were changed by varying heating rates to tempering temperatures as described above. Figure 8 shows examples of stress-displacement curves of SSRT of Steel-B. Both the non-charged slowly-heated steel (0.3°C/s) and the non-charged rapidly-heated steel (20°C/s) show similar stress-displacement curves. These non-charged steels contain peak 1 hydrogen of less than 0.01 mass ppm. When peak 1 hydrogen of 0.55-0.57 mass ppm is charged into the steels, both the slowly-heated steel and the rapidly-heated steel rupture at smaller displacements than those of the non-charged steels. The comparison between the stress-displacement curves of the hydrogencharged steels reveals that the slowly-heated steel ruptures at a displacement of 3.2 mm, relatively soon after it reaches the maximum load, whereas the rapidly-heated steel does not rupture until it reaches a displacement of 3.9 mm, failing in a more ductile manner. Here it is noteworthy that every specimen fractured in a plastic region with a necking process irrespective of hydrogen charging. Figure 9 shows variations in hydrogen embrittlement resistance with tensile strength of Steels-A and B. The tensile strength given is that of the non-charged specimens. The peak 1 hydrogen content was between 0. 38 3) where RA0 and RA1 represent the reduction in area of the non-charged specimens and the hydrogen-charged specimens, respectively.
As shown in Fig. 9 , the steels subjected to the slow heating and tempering exhibit a decrease in hydrogen embrittlement resistance as the tensile strength increases. In contrast, the rapidly-heated steels show no deterioration in hydrogen embrittlement resistance even at a tensile strength level of 1 300 MPa, which indicates a high resistance of the steels with uniform distribution of fine cementite to hydrogen embrittlement. Figure 10 shows SEM micrographs of fracture surfaces of hydrogen-charged steels subjected to slow heating or rapid heating of Steel-B. The slowly-heated steel shows quasicleavage fracture due to hydrogen 24) at the fracture origin near the outer edge of the fracture surface. On the other hand, the fracture surface of the rapidly-heated steel is dominated by dimple fracture. Figure 11 shows the relationship between the peak 1 hydrogen content and the time to fracture of Steel-B. The time to fracture increases with a decrease in the peak 1 hydrogen content and the specimen does not show failure below particular hydrogen content. The maximum peak 1 hydrogen content which does not cause hydrogen embrittlement failure is defined as 'critical hydrogen content for hydrogen embrittlement' [Hc]. 3, 9) The critical hydrogen content correlates with the tensile strength irrespective of the heating rate to the tempering temperature. The It should be noted that time to fracture also correlates with the tensile strength irrespective of the heating rate to the tempering temperature.
Constant Load Test
The fracture surfaces of all the ruptured specimens showed quasi-cleavage fracture at the fracture origin.
Discussion
The effect of uniform distribution of fine cementite on hydrogen embrittlement changed with the loading methods. The rapidly-heated steels showed higher resistance to hydrogen embrittlement than the slowly-heated steels under plastic deformation, SSRT, whereas they showed almost the same resistance to hydrogen embrittlement under elastic deformation, CLT.
The studied steels are assumed to contain three primary hydrogen trap sites: dislocations, [25] [26] [27] [28] grain boundaries 29, 30) Fig. 9. Variations in hydrogen embrittlement resistance with tensile strength by a slow strain rate test (Steels-A and B, 25 mm t ). and cementite. [17] [18] [19] [20] Some alloy carbides and inclusions such as NbC 31) and MnS 32) should also play some role as hydrogen trap sites in these steels; however, their role would be negligible compared to that of other trap sites due to their small volumes.
Various solid phase reactions such as dislocation rearrangement/annihilation, substructure recovery/partial recrystallization and cementite precipitation happen as martensite is tempered. These solid phase reactions are controlled by thermal activation processes such as dislocation climb through point-defect emission or annihilation 33) and carbon diffusion through the matrix. 34) Since a tempering parameter is related to the amount of these solid phase reactions, it can be presumed that the dislocation densities, substructure recovery/partial recrystallization amounts and cementite precipitation amounts 35) are similar in both the slowly-heated and the rapidly-heated steels tempered at the same tempering parameters.
The only difference observed between the slowly-heated and the rapidly-heated steels under the same tempering parameters was cementite morphology as shown in Figs. 4(b), 4(c) .
The binding energy of hydrogen to cementite in steel was reported to be 8.4, 19) 29) kJ/mol). As such, cementite is a low-energy hydrogen trap state.
Wei et al. 36, 37) concluded that cementite has a negligible effect on hydrogen trapping in tempered martensite since no detectable change was found with TDA in the hydrogen content and in the activation energy for hydrogen desorption with the precipitation of cementite. Moreover, B. D. Craig pointed out that coherency of precipitates is an important factor for hydrogen trap sites and coarsened/ incoherent cementite may not be an effective hydrogen trap site. 38) On the other hand, Takai et al. 39) reported that strained interfaces between ferrite and cementite and/or interface dislocations enclosed between cementite lamellae due to cold-drawing of pearlite can be a high-energy hydrogen trap state with an activation energy of 65.0 kJ/mol. Their results suggest that hydrogen trap state at cementite may change with plastic deformation. Figure 6 shows that the peak 1 hydrogen in the studied steels is reversible hydrogen, which diffuses in a material at room temperature, since a large part of the peak 1 hydrogen egressed within 48 h. Trap sites responsible for the peak 1 should include cementite due to its low-energy hydrogen trap state. [17] [18] [19] [20] Figure 12 shows hydrogen desorption profiles of TDA of hydrogen-charged slowly-heated and rapidly-heated Steel-B shown in Fig. 10 . The two types of steels show almost the same desorption profiles. These TDA results suggest that hydrogen trap sites and hydrogen content trapped by each hydrogen trap site are similar in both the slowly-heated and the rapidly-heated steels irrespective of the difference in cementite morphology and distribution.
TDA gives average information on hydrogen content and hydrogen desorption behavior in a whole sample; yet it does not reveal local information on hydrogen existence. Hence, HMT was applied to visualize where the hydrogen is locally distributed in each microstructure of those two types of steels. Figure 13 shows SEM micrographs of HMT results of Steel-B shown in Fig. 10 . White spherical particles indicated with arrows are silver particles (Fig. 13(c) ) which correspond to the points on the surface that hydrogen was emitted. Most of the silver particles are observed along the lath boundaries (shown with →) and relatively large silver particles of approximately 0.5 μ m in diameter are frequently observed in the slowly-heated steel which has coarse cementite. In the rapidly-heated steel with uniform distribution of fine cementite, on the other hand, most of the silver particles are observed within the laths (indicated with ⇒) and the coarse silver particles are less frequently observed than in the slowly-heated steel. These observations indicate that less of the hydrogen exists at lath boundaries corresponding to the uniform distribution of fine cementite in the rapidly-heated steels.
The high resistance of the rapidly-heated and tempered steels with uniform distribution of fine cementite to hydrogen embrittlement under plastic deformation, SSRT, should be due to the shift of the fracture mode from quasi-cleavage fracture to ductile fracture. This shift was caused by the suppression of the quasi-cleavage fracture due to less hydrogen at lath boundaries accompanied by the uniform distribution of fine cementite.
HMT results reveal that hydrogen dispersion changes in association with cementite distribution. Hydrogen embrittlement resistance, therefore, should be governed by the uniform distribution of cementite rather than the refinement of cementite.
The difference in hydrogen embrittlement resistance between the loading methods is discussed in terms of hydrogen trap state at cementite.
The loading time for SSRT and CLT of Steel-B is 32-44 and 0.4-140 h, respectively. Accordingly, the loading time for SSRT is within the range of that for CLT. Furthermore, the peak 1 hydrogen content for SSRT and CLT of Steel-B is 0.38-0.57 and 0.08-0.39 mass ppm, respectively. Consequently, the peak 1 hydrogen content for SSRT is higher than that for CLT. Hence, it can be discounted to assume that the difference in hydrogen embrittlement resistance between SSRT and CLT is due to the difference in hydrogen trapping/detrapping behavior at/from cementite associated with a loading time or hydrogen content. This is because the difference in hydrogen embrittlement resistance between the slowly-heated steels and the rapidly-heated steels for SSRT cannot be explained with an assumption that cementite keeps trapping hydrogen during the SSRT due to a shorter loading time or smaller hydrogen content than those for CLT.
Another possibility is that hydrogen trap state at cementite changes in association with plasticity. As described above, cementite is a low-energy hydrogen trap state, [17] [18] [19] [20] while the results by K. Takai et al. 39) suggest that hydrogen trap state at cementite can be high-energy with plastic deformation.
The difference in hydrogen embrittlement resistance between SSRT and CLT can be explained as follows: when an incremental continuous load is applied and plastic deformation begins, cementite traps hydrogen more strongly at and/or around the strained interfaces between the matrix and cementite and functions as an effective hydrogen trap site for hydrogen embrittlement resistance. Under a constant load in an elastic region, on the other hand, cementite detraps hydrogen due to its low-energy hydrogen trap state and is ineffective at decreasing the susceptibility to hydrogen embrittlement.
From consideration of the possible mechanisms to explain the difference in hydrogen embrittlement resistance between the loading methods, it is concluded that uniform distribution of fine cementite improves hydrogen embrittlement resistance under plastic deformation which changes hydrogen trap state at cementite from low-energy to highenergy by forming strained interfaces between the matrix and cementite.
Conclusions
The effect of uniform distribution of fine cementite on resistance of 1 000-1 300 MPa class low carbon martensitic steel plates to hydrogen embrittlement was studied. Two kinds of hydrogen embrittlement tests were conducted: a slow strain rate test, SSRT, and a constant load test in an elastic region, CLT.
The steels with uniform distribution of fine cementite showed higher resistance to hydrogen embrittlement for the slow strain rate test. When an incremental continuous load is applied and plastic deformation begins, cementite traps hydrogen more strongly at and/or around the strained interfaces between the matrix and cementite and functions as an effective hydrogen trap site for hydrogen embrittlement resistance.
However, the resistance to hydrogen embrittlement was almost the same irrespective of the cementite size for the constant load test in an elastic region. Under a constant load in an elastic region, cementite detraps hydrogen due to its low-energy hydrogen trap state and is ineffective at decreasing the susceptibility to hydrogen embrittlement.
It is concluded that uniform distribution of fine cementite improves hydrogen embrittlement resistance under plastic deformation which changes hydrogen trap state at cementite from low-energy to high-energy by forming strained interfaces between the matrix and cementite.
